We examined the function of the oxysterol receptors (LXRs) in inflammatory bowel disease (IBD) through studying dextran sodium sulfate (DSS)-and 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis in mice and by elucidating molecular mechanisms underlying their anti-inflammatory action. We observed that Lxr-deficient mice are more susceptible to colitis. Clinical indicators of colitis including weight loss, diarrhea and blood in feces appeared earlier and were more severe in Lxr-deficient mice and particularly LXRb protected against symptoms of colitis. Addition of an LXR agonist led to faster recovery and increased survival. In contrast, Lxr-deficient mice showed slower recovery and decreased survival. In Lxr-deficient mice, inflammatory cytokines and chemokines were increased together with increased infiltration of immune cells in the colon epithelium. Activation of LXRs strongly suppressed expression of inflammatory mediators including TNFa. While LXRa had anti-inflammatory effects in CD11b þ immune cell populations, LXRb in addition had anti-inflammatory effects in colon epithelial cells. Lack of LXRb also induced CD4 þ /CD3 þ immune cell recruitment to the inflamed colon. Expression of both LXRA and LXRB was significantly suppressed in inflamed colon from subjects with IBD compared with non-inflamed colon. Taken together, our observations suggest that the LXRs could provide interesting targets to reduce the inflammatory responses in IBD.
INTRODUCTION
The oxysterol receptors (Liver X receptors; LXRs) encoded by the genes Nhr1h3 (LXRa) and Nhr1h2 (LXRb) are members of the nuclear receptor family and established ligand-regulated transcription factors involved in many metabolic processes including lipid, cholesterol, and carbohydrate metabolism.
1,2
LXRs were also reported to inhibit the expression of several inflammatory mediators in macrophages, 3 a mechanism later shown to involve post-translational modification of LXRs via SUMOylation. 4 Considerable evidence has since emerged identifying LXRs as both anti-inflammatory transcription factors and physiological regulators of innate and adaptive immune responses, apoptosis, and phagocytosis. 1, 2 Several studies have proposed a protective role of LXRs in various models of diseases with an inflammatory component. Activation of LXRs decreased the severity and development of experimental autoimmune encephalomyelitis, [5] [6] [7] a rodent experimental model of multiple sclerosis. Apparently, the protective effect was due to the suppression of differentiation of T H -17 cells, often associated with MS, via induced transcription of the lipogenic sterol regulatory element-binding protein (Srebp1c) LXR target gene. 7 Srebp1c bound to the promoter of the interleukin 17 (Il17) gene and suppressed its transcription. Furthermore, LXRs appear to have an important role in arthritis. While early reports diverged as to whether LXRs have a protective function or exacerbate arthritis, recent observations point toward a protective effect of LXRs in arthritis.
LXRs protects against inflammatory reactions in connection with graft vs. host events 9 and diabetic nephropathy. 10 The protective chronic effects of LXRs on kidney allografts in F344-LEW rats were surprisingly strong and were mediated by LXRa in macrophages. Together this points toward an important role of LXRs as anti-inflammatory regulators in diseases and conditions with an inflammatory component.
Ulcerative colitis and Crohn's disease represent the two main types of inflammatory bowel diseases (IBDs). 11 IBD affects millions of people worldwide, and the incidence of both these ailments are still increasing globally. 12 The etiology and underlying molecular mechanisms behind these idiopathic IBDs are currently poorly understood, but involves activation of mucosal/epithelial cells driving an uncontrolled inflammatory response in the small and large intestines. 13, 14 In the developing IBD, different immune cells present in IBD lesions produce inflammatory cytokines and chemokines. The epithelial cells also appear to have a substantial role, as they produce and secrete many inflammatory mediators including several chemokines. [15] [16] [17] The chemokines induce migration and invasion of additional immune cells including macrophages, neutrophils, and lymphocytes, escalating the inflammatory response. Expression of chemokines is highly upregulated in IBD and correlates with disease activity. 15 Current antiinflammatory treatment of IBD, including inactivation of tumor necrosis factor alpha (TNFa), is inadequate. 18 Hence, LXR-mediated inhibition of inflammatory mediators could provide potential novel therapeutic strategies to dampen the symptoms of IBD. To evaluate the potential of LXRs as clinically useful anti-inflammatory targets in IBD, we have investigated the roles of LXR and LXR agonists in colitis. We provide evidence of hitherto unrecognized anti-inflammatory roles of LXRs within the colon.
RESULTS
In order to examine the role of LXR in colitis, the effect of dextran sodium sulfate (DSS) in C57Bl/6J (wild type (WT), Lxra À / À , Lxrb À / À and LXRab À / À mice was examined. Both LXRs are expressed in the colon, with mRNA transcripts of Lxra twice as abundant as Lxrb transcripts (Supplementary Figure 1A online ). Colitis was induced in mice by administration of DSS in the drinking water. WT mice were pretreated by gavage with GW3965 or vehicle for 4 days, and 2.5% DSS was given to all genotypes as outlined in the Supplementary Figure 1B . WT mice treated with DSS showed an expected loss of body weight starting at day 6, and the weight was reduced by 5% at day 7 and 13% at day 9 ( Figure 1a) . In comparison, body weight loss at day 7 was more profound in Lxrb À / À mice (14%) and Lxrab À / À mice (15%). At day 7, Lxra À / À mice were less affected with a body weight loss of only 2% (Figure 1a) . The effect of DSS on weight reduction was thus significantly lower in Lxrb À / À and Lxrab À / À mice compared with WT and Lxra À / À mice ( Figure 1b) . No autoregulation of LXRs was observed in the colon from mice treated with the synthetic LXR agonist GW3965 (Supplementary Figure 1A) . Administration of GW3965 did not delay the onset of symptoms, but significantly reduced the loss of body weight at day 9 of the experiment ( Figure 1a) . DSS caused severe symptoms and even death in Lxrb À / À and Lxrab À / À mice. Mice whose disease severity reached the cutoff point defined by the ethical approval for animal research (described in Methods) were killed during the course of the experiment. The cutoff point was documented, and this score indicated that the LXR agonist had a beneficial effect on survival rate, while Lxrab À / À mice showed reduced survival rate compared with WT mice (results not shown).
The mice were examined for major clinical symptoms associated with colitis during the course of the experiment. Lxrab À / À and Lxrb À / À mice showed an earlier onset of clinical symptoms (results not shown). At the day of sacrifice, all experimental groups receiving DSS showed reduced colon length, increased rectal bleeding, and increased diarrhea, (Figure 1c ) and these symptoms were more pronounced in Lxrab À / À and Lxrb À / À mice; mice in these two groups had to be killed 2 days earlier than WT mice. The severe effect of DSS observed in Lxrab À / À mice on colon length is depicted in Supplementary Figure 1C . Gene expression analysis confirmed an induced level of inflammatory markers including interleukin 1 beta (Il1b), Tnfa, and monocyte chemoattractant protein-1 (Mcp1)/Chemokine (C-C motif) ligand 2 (CCL2) in the DSS-treated groups (Supplementary Figure 1D) . The expression of these inflammatory genes was equal in Lxrab À / À mice at day 7 compared with WT mice at day 9, suggesting that the inflammatory response is more pronounced at an earlier stage in the Lxrab À / À mice and is in agreement with the earlier onset of clinical symptoms. Next colitis was induced using 2,4,6-trinitrobenzene sulfonic acid (TNBS) that was administered by intra-rectal injections to add a second complementary method to study the protective function of LXRs in colitis. This technique is known to induce a strong and rapid inflammatory response. 19 As observed with DSS treatment, the TNBS experiment showed a significantly reduced survival rate of Lxr-deficient mice (Lxrab (Figure 1d ). Survival in WT mice was not significantly changed.
The colon from control and DSS-treated mice was prepared for histopathological examination, immunohistological staining of immune cells, and flow cytometry analyses. We observed no structural differences in the colon between the genotypes in the control groups; however, DSS treatment caused severe effects in all genotypes (Supplementary Figure 2A) . In agreement with the aforementioned observations, disrupted crypt structure accompanied with increased hyperplasia as well as ulceration was more prominent in the Lxrab À / À and Lxrb (Supplementary Figure 2B , lower panel), indicating that the humoral immune response was not affected. Furthermore, we confirmed that the effects of the DSS treatment were confined to the colon, as no structural changes in the small intestine were observed (Supplementary Figure 2C) . CD3 þ cells and Pax5 þ cells were found in the small intestine, the latter in abundance in Peyer's plaques, thereby also being a positive control of staining. Fluorescence-activated cell sorting (FACS) analyses were performed to more accurately quantify the LXR effect on immune cell responses and recruitment. DSS treatment led to increased recruitment of Ly6C þ /Ly6G þ /CD11b þ immune populations and CD11b þ immune cells (Figure 2a-c (Figure 2d-g ). This indicates that both LXRs are harboring the potential to suppress the recruitment of these immune cell populations. Using Lxra À / À and Lxrb À / À mice, we next analyzed the T-lymphocyte response. A significant CD3 þ /CD4 þ cell response was observed in the Lxrb À / À mice, but here no significant effect of GW3965 treatment was observed (Figure 2h) . Surprisingly, no CD3
þ /CD4 þ cell response was observed in the Lxra À / À mice, suggesting that it might be the acquired T-lymphocyte response that is responsible for the difference observed between the LXR subtypes. Moreover, there are less mononuclear cells in Lxra À / À mice compared with Lxrb À / À mice ( Figure 2i ). The possibility that activation of LXRs could have a positive effect on recovery of DSS-induced colitis was next investigated. 
Total number of mononuclear cells isolated from lamina propria. n ¼ 4-5, * and ** indicate Po0.05 and Po0.01, respectively. LXR, liver X receptor; WT, wild type.
Thus, DSS was removed when the mice reached a 10% weight reduction, and the body weight of the mice was monitored for eight consecutive days to observe weight recovery ( Figure 3a) . Both experimental groups of WT mice continued to lose weight until day 3 (at 20% weight loss) when they started to recover; however, the Lxrab À / À mice continued to lose weight until day 6 (23% weight loss) when they started to recoup. There was a clear trend that mice receiving the GW3965 had faster recovery and this was significant compared with the Lxrab À / À mice. Again, because of ethical considerations, it was necessary to introduce a cutoff point during the time course of this experiment where mice were killed according to our ethical guidelines. This cutoff was reached for 35% (WT), 25% (WT-GW3965), and 43% (Lxrab À / À ) of the mice further indicating less recovery of the Lxrab À / À mice and better recovery of the WT-GW3965 mice compared with control mice (Figure 3b ). We analyzed gene expression profiles in mice killed at 10% weight reduction (day 0 in Figure 3a ) and at the end point at day 8. DSS induced a strong response of known inflammatory genes including Tnfa and interleukine 6 (Il6) as well as chemokines including chemokine (C-X-C motif) ligand 1 (Cxcl1)/keratinocyte chemoattractant (Kc) and Ccl2/Mcp1 (Figure 3c ). The inflammatory response was diminished at the end point in parallel with the reversal of weight loss and recovery, and this was more pronounced in mice receiving GW3965.
Colonic epithelial cells are known to produce inflammatory factors as well as chemokines attracting immune cells to the site of activation. 15 We investigated the potential of LXRs to repress inflammatory responses in the COLO205 and SW480 human colorectal adenocarcinoma cell lines. These cells express both LXRa and LXRb in equal quantities (Supplementary Figure 3A) , and their expression is equivalent to that observed in the murine epithelial cells (data not shown). Cells were pretreated with GW3965 and stimulated with TNFa for 1 and 6 h to induce an inflammatory response. GW3965 caused a 25-to 40-fold induction of expression of the ATPbinding cassette subfamily G member 1 (ABCG1) LXR target gene, indicating a strong effect of the agonist on this cell line (Figure 4a ). TNFa induced a robust response of several inflammatory markers including the chemoattractants chemokine (C-X-C motif) ligand 8 (CXCL8)/interleukine 8 (IL8) (mouse homolog to Kc) and chemokine (C-X-C motif) ligand 2 (CXCL2)/macrophage inflammatory protein 2-alpha (MIP2) as well as TNFA, while only a small induction of IL1B was seen at a 6-h treatment. Pretreatment with GW3965 reduced expression of TNFA at both 1 and 6 h, by 90%, expression of IL8 by 50% after 1 h, and expression of CXCL2/ MIP2 by 20% at both 1 and 6 h. GW3965 also reduced the TNFa-induced expression of Caspase1, a protease that activates inflammatory processes. 20 Chromatin immunoprecipitation revealed that activation of LXRs caused a strong recruitment of LXRs to the LXR-binding element on the ATP-binding cassette subfamily A member 1 (ABCA1) gene promoter (Figure 4b ). LXRs were also strongly recruited to the CXCL8/IL8 promoter during inflammatory conditions, but only in the presence of the LXR agonist. The anti-inflammatory effect of GW3965 was confirmed using an additional human colorectal adenocarcinoma cell line, the SW480. The inflammatory response in this cell line was induced by both LPS and TNFa and co-treatment with GW3965 leads to significant repression at 1-, 4-, and 24-h incubation (Supplementary Figure 3B) , indicating that the LXR effect was not limited to a specific cell line. Moreover, the natural LXR agonist 22(R)-hydroxycholesterol (22-H) was equally efficient to repress expression of TNFA (Figure 4c ). When LXRB expression was reduced by a specific siRNA in the SW480 cell line (Figure 4d) , there was no effect on induction of CXCL8/IL8 and TNFA; however, repression by GW3965 was abolished (Figure 4e) , suggesting LXRb to be the dominant subtype repressing the inflammatory response in SW480 cells.
The observations using the colonic cell lines encouraged us to investigate whether similar effects took place in vivo in the colon of mice. For this purpose, we used intraperitoneal injection of LPS that activates the toll-like receptor 4 (TLR4) pathway. LPS also yields a milder immune response than DSS or TNBS, and it produces a more equal inflammatory response within the groups than DSS or TNBS. WT and Lxr-deficient mice were given LPS for 1 h ± GW3965 (except the LXRab À / À mice) and the effect on mRNA expression of inflammatory genes analyzed in the colon. Figure 5a shows that GW3965 represses induction of several inflammatory and chemokine genes including Tnfa, Cxcl1/Kc, Cxcl2/Mip2, Ccl2/Mcp1, and Il17a. The repression was significant for Tnfa and Il17a in WT mice and significant for all the genes in the Lxra À / À mice. The LXR effects were confirmed for TNFa at the protein level (Figure 5b) . The gene expression profiles and repression were confirmed for Tnfa and Cxcl1/Kc, but not for Cxcl2/Mip2 and Ccl2/Mcp1, in isolated epithelial cells collected from the colon (Figure 5d) , suggesting that the LXR effect takes place both in colonic epithelial cells and in resident and infiltrating immune cells in the colon. Interestingly, the expression of Lxrb was induced threefold in Lxra À / À mice ( Figure 5c ). This might explain why the repression is stronger in Lxra À / À mice compared with WT mice. It further suggests that LXRa could have a slightly different role by dampening the effect of LXRa on this pathway, a concept we have reported on earlier. 21 Next, we wanted to confirm the anti-inflammatory effects of LXRs in vivo in the colon and to investigate the response in isolated immune cell populations. LPS induced recruitment of Ly6C þ /Ly6G þ /CD11b þ cells, and this recruitment was significantly higher in Lxrab À / À mice compared with WT and single LXR-deficient mice (Figure 6a and b) Figure 3D) . We observed that GW3965 significantly suppressed LPS-induced expression of IL-6 and IL-1b, while a strong trend (P ¼ 0.051) was observed for TNFa (Figure 6d) . However, the chemoattractants including KC and MCP-1 were not affected by GW3965, indicating that the effect on chemoattractants is limited to the colonic epithelial cells. The effect of a single dose of an inflammatory stimulus is transient both in colorectal adenocarcinoma cell line (Supplementary Figure 3B) and in vivo (Supplementary Figure 3C) . We asked whether a prolonged inflammatory response could be observed in Lxr-deficient mice in addition to an exaggerate response. Indeed, in Lxrab À / À mice there was a substantially higher level of inflammatory markers in the colon 24 h after LPS treatment than in WT mice (Figure 6e) , supporting the slower recovery of these mice showed (Figure 3a) .
The metabolic effects of LXRs in the colon have never been investigated, but the known metabolic roles of LXRs in several other tissues raise the question whether hitherto unknown effects of LXRs on colon metabolism could have a role in the LXR-induced regulation of immune responses. We analyzed the RNA expression profiles of several important genes involved in lipid and cholesterol metabolism in the colon and in colon epithelial cells. We confirmed that most of these metabolic genes also are LXR target genes in the colon (Supplementary Figure 4A and B) . However, we could not associate any of the changes in expression levels, in relation to GW3965 response or between the LXR knockout mice, with the phenotypes observed in modulating immune responses. Thus, we conclude that the effects on metabolic pathways in the colon are separated from the effects on the inflammatory pathways. Nevertheless, the loss of LXRb led to significantly reduced or completely abolished responses to GW3965, further supporting the important role of LXRb in the colon.
Four independent studies where genome-wide mRNA expression levels are reported were analyzed for the expression of LXRA and LXRB. Expression levels of both LXRA (PB1 Â 10 À 5) and LXRB (PB1 Â 10 À 3 ) are significantly downregulated in the inflamed colon from both Crohn's disease and ulcerative colitis compared with the non-inflamed colon ( Figure 7 and Supplementary Figure 5) , suggesting that reduced levels of LXRs is part of the IBD pathology.
DISCUSSION
Using two different inducers of colitis in mice, DSS and TNBS, as well as LPS treatment, we show that loss of LXR, in particular of LXRb, leads to higher susceptibility to colitis and worsening of colitis-related symptoms in the colon. We observe that the activation of LXRs protects against colitis and reduces inflammation, while loss of LXRs has an opposite effect. When colitis was induced in Lxr-deficient mice, they showed a marked worsening of clinical symptoms including ulcers, diarrhea and rectal bleeding, and increased mortality in both colitis DSS-and TNBS colitis models. Loss of LXRs led to the increased invasion of macrophage and increased as well as a prolonged release of inflammatory mediators in the colon.
Treatment with an LXR agonist in colitis-induced mice showed improved recovery, enhanced survival, and suppressed expression of inflammatory mediators-both in vivo and in human colon cell lines. Finally, loss of LXRb contributed to an exacerbated acquired immune response. Thus, the protective role of LXRs in the development of colitis appears to represent a general mechanism, evident in both the innate and adaptive immune response. The suppressive effect of LXRs on several inflammatory markers in IBD is interesting. The most effective and used therapy towards IBD today is aimed at blocking the TNFa signaling using TNFa antibodies. 18 Furthermore, recent evidence indicates that IL17A, the cytokine produced by T H -17 lymphocytes, is a major factor driving an exaggerated immune response in the IBD. 22 We show that loss of LXRs and activation of LXRs lead to induced and suppressed levels of IL17A, respectively. Together with TNFa, IL17A is a potent inducer of chemokine production in colonic epithelial cellsparticularly CXCL1/KC and CXCL8/IL8. 17, 23 This further supports the concept that LXRs modulate immune responses associated with colitis and that the effect of LXR on TNFa and IL17A is part of the regulatory pathway of LXR-related chemokine production.
More than 40 chemokines have been identified so far, and they are responsible for adhesion and homing of immune cells to the site of inflammation. 15 We show that loss of LXRs induced expression of chemokines, whereas activation of LXRs suppressed expression of chemokines including CXCL1/KC, CXCL2/MIP2, CXCL8/IL8, CCL2/MCP1, and CXCL10. It has been known for a long time that patients suffering from IBD have increased levels of CXCL8/IL8 in the colon. [24] [25] [26] CXCL8/ IL8 is produced by immune cells and epithelial cells at the active site of colitis. 27 Several studies have shown high levels of CXCL10, 28 CCL2, 29, 30 and CXCL1 31 in colitis, and it was observed that loss of CXCL10 32 or CCL2 33 reduced the severity of DSS-induced colitis in mice. These chemokines have the property of recruiting several types of immune cells including neutrophils, macrophages, and T-lymphocytes, thereby exacerbating the immune response. By suppressing both inflammatory cytokines and chemokines in immune cells and colonic epithelial cells, LXRs affect the immunopathogenesis of IBD at multiple levels. The observations made in the chromatin immunoprecipitation assays indicate that in an inflammatory environment the activation of LXRs leads to their recruitment to inflammatory genes, thereby reducing the transcriptional rate of these genes.
It appears that the LXR subtypes have both common and exclusive roles in the immune system. While LXRb has been reported to be responsible for several aspects of repression, [34] [35] [36] LXRa seems more important in macrophages 37 and dendritic cells. 38, 39 In addition, it was reported that post-translational modifications underlying molecular mechanisms of repression were connected to different protein assembly networks. 34, 40 Our observations point toward a more pronounced protective role of LXRb than LXRa in both DSS-, TNBS-and LPS-induced colitis and inflammation. We show that both LXR subtypes are relatively equally expressed in the colon of mice, suggesting that the more marked effects observed by LXRb are not due to differences in the expression of the two LXRs. The role of LXRa could be more restricted to the innate immune response via macrophages and dendritic cells, while LXRb could be responsible for the immune response in colonic epithelial cells and the acquired immune response via CD3 þ /CD4 þ lymphocytes. The increased levels of inflammatory cytokines and chemokines from epithelial cells have a very important part in escalating the immune response in IBD, and this might explain the severity of the disease symptoms observed in the absence of LXRb. Also, there is a threefold increased expression of Lxrb in Lxra-deficient mice, which might explain why Lxra-deficient mice have milder symptoms than Lxrbdeficient mice.
The adaptive immune response, initiated by dendritic cells presenting antigens to naive T cells in secondary lymphoid organs (Peyer's patches and mesenteric lymph nodes), is an important part of the inflammatory response in IBD. 41 These activated T cells circulate to the intestinal lamina propria, where they carry out effector functions including modulation of cytokine profiles adding to the severity of the exaggerated immune response in IBD. Thus, the lower level of CD3 þ / CD4 þ cells observed in LXRa À / À mice upon DSS-induced inflammation is interesting, as it implies that there is a specific role of LXRa in regulating T-cell responses, which demands further detailed investigations to uncover the exact mechanisms underlying this observation.
It was recently reported that genetic variations in several nuclear receptors including LXRB are associated with Crohn's disease and ulcerative colitis 42 further implying a role of LXRb. We show that expression of both LXRA and LXRB is suppressed in the inflamed colon from subjects with IBD. Lower expression of the LXR would suggest reduced anti-inflammatory potential and tuning down LXR signaling might well be a mechanism that exaggerates the pathology of IBD.
As the development of new and efficient therapies for IBD has proven to be difficult, 18 new targets are needed. Drugs targeting LXRs in the whole body have unwanted side effects including increased production of triglycerides.
1 However, development of subtype-or tissue-specific LXR modulators continues to be the goal of the pharmaceutical industry. There has been one report of an intestine-specific LXR agonist. 43 If better LXR agonists can be made with fewer harmful side effects, they might well represent novel strategies to prevent and treat IBD. Here we show that the natural LXR agonist 22(R)-hydroxycholesterol (22-H) could repress expression of Tnfa. Interestingly, phytosterols, the equivalent of mammalian cholesterol in plants, are activators of LXRs 44 as are a plethora of compounds from microorganisms and plants. 45 In addition to 22(R)-hydroxycholesterol, a subset of endogenous oxysterol LXR agonists appears to trigger the repression of the inflammatory pathway. 4 Hence, it is possible that dietary phytosterols and/or synthetic compounds that activate LXRs could have a multilevel effect in prevention or treatment of IBD. 
Lxrab
À / À mice caused severe symptoms and even death. The experiments including all Lxr-deficient mice were therefore terminated at day 7 due to ethical considerations. Mice that reached a defined score of points (cutoff point) based on their general well-being according to our ethical approval for animal research (% weight loss, rectal bleeding, general behavioral, and general activity level) were killed during the course of the experiment. The cutoff point was documented and reported as survival rate. C57Bl/6J (females, 10-weeks old) were fed a chow diet and pretreated for 4 days with GW3965 (30 mg kg À 1 per day) or vehicle by gavage. Colitis was induced by adding 2.5% (w/v) DSS (Dextran Sulfate Sodium, TdB Consultancy AB, Uppsala, Sweden) to the drinking water for 7 (Lxra À / À , Lxrb
and Lxrab À / À ) and 9 (C57BI/6J (wild type (WT)) days. To study weight recovery after DSS-induced colitis, C57Bl/6J and Lxrab À / À mice were given 2.5% DSS in the drinking water and DSS was withdrawn upon a weight reduction of B10%. Colitis was also induced in mice using 2.5% (w/v) TNBS (Sigma-Aldrich, St Louis, MO) in 50% ethanol. The mice were lightly anesthetized in a glass chamber using isoflurane (Baxter Medical AB, Stockholm, Sweden), and 100 ml TNBS solution was injected into the rectum (B3 cm) using a round tipped syringe. To distribute the TNBS, the mice were hold in a vertical position for 1 min after the injection. To induce inflammation in mice, intraperitoneal injections (10 mg kg À 1 ) of LPS (Sigma-Aldrich) were given for 1 h±GW3965 (pretreated for 24 h) or for 24 h without GW3965. In all experiments, mice were sedated by isofluran following cervical dislocation, and organs were quickly removed and frozen in liquid nitrogen. Rectal bleeding and diarrhea were monitored by manual analyses of the level of blood and water content in the feces. Three persons independently performed these analyses. It was recently shown that LXRb À / À mice have slightly increased water intake 48 compared with WT mice; however, no difference in water intake between LXRa À / À and LXRb À / À mice (where large differences in inflammatory phenotypes are seen) was observed. In addition, the results from TNBS and LPS treatments as well as from cell culture experiments further indicate that the inflammatory phenotypes are linked to LXRb. Thus, we do not believe that the observations in the DSS experiments were solely due to increased water intake in mice lacking LXRb.
Enzyme-linked immunosorbent assay. For TNFa protein levels, mice were treated for 1 h with LPS ± GW3965 (pretreated for 24 h) and the colon removed, opened longitudinally, and washed three times with PBS containing gentamycin (20 mg ml À 1 ). Biopsies were moved to 24-well plates containing 500 ml RPMI1640 culture medium and incubated for 16 h at 37 1C in a cell culture incubator and supernatant collected. Protein levels of TNFa were measured using the mouse ELISA kit (R&D Systems, Minneapolis, MN) according to instructions provided by the manufacturer.
Isolation of immune cells and flow cytometry. Isolation of lamina propria immune cells from the colon was performed essentially as previously described. 49 In brief, the colon was removed, opened longitudinally, and cropped into 1 cm pieces. The pieces were incubated twice in predigestion solution (HBSS, 5 mM EDTA and 1 mM dithiothreitol) for 20 min at 37 1C under slow rotation and passed through a 100-mm cell strainer. The pieces were washed in 1 Â PBS and cropped to 1 mm pieces and incubated in digestion solution (100 ml PBS, 50 mg collagenase D, 50 mg DNase I and 300 mg dispase II) for 20 min at 37 1C under slow rotation. The cell solution was vortexed and passed through a 40-mm cell strainer and collected in fresh digestion solution. This was repeated until the connective tissue was absent in the cell strainer. The flow through was centrifuged at 500 g for 10 min and pellet resuspended in cold FACS buffer. The cells were once again centrifuged at 500 g for 10 min and pellet resuspended in 10 ml percoll (40%). The cell suspension was carefully overlaid on top of 80% percoll and centrifuged for 20 min at 1,000 g and the interphase was isolated using a Pasteur pipette. The isolated cells were incubated with AlexaFluor488-CD11b, clone M1/70 (BD Biosciences); PE-Ly6G/6C, clone RB6-8C5 (BD Biosciences); PerCP-CD3, clone 145-2C11 (BD Biosciences); and APC-CD4, cloneRM4-5 (BD Biosciences) antibodies and measured by flow cytometry using a FACS calibur (BD, Franklin Lakes, NJ) flow cytometer, and data analysis was performed using cell quest pro software. To subtract necrotic cells from the flow cytometry analysis, the cell population was stained with propidium iodide. To analyze mRNA expression in CD11b þ cells, Easycoll isolated mononuclear immune cells were further purified using CD11b-pluribeads (PluriSelect, Leipzig, Germany) for positive isolation of CD11b þ cells.
Histopathology and immunohistochemistry. Colons were flushed and fixed in 4% paraformaldehyde. After 24 h, the paraformaldehyde was exchanged with 70% ethanol for 24 h after which the tissues were embedded in paraffin. After sectioning, slides were stained with hematoxylin and eosin according to the standard protocol. Immunohistology was performed according to the standard protocols and antibody staining as follows: F4/80 (AbD Serotec, Oxford, UK) rat anti-mouse F4/80 antigen (MCAP497), diluted 1:100; antigen retrieval, digest-All 2 (Zymed, Invitrogen, Carlsbad, CA, 00-3008); secondary, rabbit anti-rat biotinylated (Dako, Agilent Technologies, Glostrup, Denmark, E4068), diluted 1:400; Pax5 (C-20, Santa Cruz Biotechnology Inc., Santa Cruz, CA, sc-1974) goat polyclonal, diluted 1:2500; antigen retrieval: DIVAdecloaker (Biocare Medical DV2004MX, Concord, CA); Secondary, rabbit anti-goat biotinylated (Dako, E0466), diluted 1:300; CD3 (cloneSP7, Labvision, RM-9107-S0, Stockholm, Sweden), diluted 1:200; antigen retrieval, DIVAdecloaker (Biocare Medical DV2004MX); secondary, goat anti rabbit biotinylated (Dako, E0432), diluted 1:300.
Expression analysis from human colon samples. The expression patterns of LXRA and LXRB were studied in four re-analyzed and computationally integrated gene expression Affymetrix GeneChip experiments (public IDs: GSE10616 (pmid: 18758464), GSE16879 (pmid: 19956723), GSE9686 (pmid: 18069684), and MEXP2083 (pmid: 21830273)), where colon biopsies from IBD patients and matched healthy individuals were assayed. Raw microarray data files (.CEL files) were retrieved from the public databases NCBI GEO (pmid: 23193258) and EBI ArrayExpress (pmid: 23193272), imported into R v.2.15, and analyzed with the BioConductor facilities (pmid: 15461798). Because of known flaws in the Affymetrix original probe design (pmid: 16284200), a custom CDF file v.14 was retrieved from the BrainArray website (http://brainarray.mbni.med.umich.edu), where only the probes uniquely matching the Entrez Gene IDs (v. Mar-10-2011) were re-arranged into newly defined probe sets. The raw data were then preprocessed (background corrected, normalized with the quantile method and summarized with the median polish method) with the RMA algorithm (pmid: 12925520). The data from the four experiments were finally integrated eliminating the batch effect with the empirical Bayes-based algorithm ComBat (pmid: 16632515). Differential expression was assessed with linear models followed by the empirical Bayes method (pmid: 16646809).
Statistical analysis. Data are expressed as mean±s.e.m. and analyzed by two-tailed t-test or by one-way analysis of variance (ANOVA) with Tukey's test for multiple comparisons. For survival analysis, the Kaplan-Meier method was used and the survival compared with logrank and Gehan-Wilcoxon tests. In the survival curves, the error bars indicate 95% confidence interval.
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